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COLOR SPACE TRANSFORMATIONS FOR
USE IN IDENTIFYING OBJECTS OF
INTEREST IN BIOLOGICAL SPECIMENS

BACKGROUND

1. Field of the Invention

This ivention relates generally to the field of 1dentifica-
tion and analysis of biological specimens, and more particu-
larly to a method and system for identifying objects of
interest, such as cancerous cells or cellular objects, 1n a
biological specimen. The invention 1s also related to the field
ol color space transformations, in which a representation of
an object 1 one color space (e.g., red, green and blue
components) 1s transformed mathematically into a new
representation i a new color space, 1n order to more easily
observe or 1dentily objects.

2. Description of Related Art

A biological specimen such as samples of bone marrow,
cervical tissue, lymph nodes, or peripheral blood, may have
objects of interest to a pathologist or histologist. Such
samples are typically fixed to a slide and examined under a
microscope. An important aspect ol medical diagnostics 1s
detecting, identifying, and quantitating the objects of interest
within the biological specimen. The objects of interest may
be, for example, cancer cells, cell objects such as nuclei, or
particular proteins or clusters of proteins present in the
biological specimen. The cancer cells or the particular
proteins in the biological specimen can be difficult to detect.
However, by staining the biological specimen with a stain,
the objects of interest 1 the biological specimen can be
made more readily identifiable.

A staining process mvolves introducing a probe that 1s
reactive with a component of the objects of interest. The
probe typically 1s a monoclonal antibody, a polyclonal
antiserum, or a nucleic acid that reacts with the component
of the objects of interest. Another probe with an enzyme,
such as alkaline phosphatase or glucose oxidase then detects
a reaction. The probe with the enzyme produces an enzy-
matic reaction that results 1n the objects of interest being
stained a particular color. On the other hand, background
arcas and normal cells, for example, are stained colors,
different from the particular color. Thus, the enzymatic
reaction makes identifiable the objects of interest, 1f any,
from the background areas and normal cells of the biological
specimen.

A lab technician can manually examine the biological
specimen to 1dentity the objects of interest with a micro-
scope. Recently, however, automated microscope systems
and associated software for image analysis of the captured
images ol the slides have been developed to examine the
biological specimen. These systems improve speed and
accuracy 1n 1dentifying the objects of interest 1in the biologi-
cal specimen.

For example, U.S. Pat. No. 6,215,892 (°892 patent),
assigned to ChromaVision Medical Systems, discloses an
apparatus for automated cell analysis. The apparatus con-
sists of a microscope with objective lenses, a stage for
holding a slide, and a charged coupled device (CCD) cam-
era. The slide 1includes the biological specimen to be exam-
ined. As a result, the CCD camera can capture an image of
the biological specimen at a magmfication level determined
by the objective lenses.

The 1image of the biological specimen facilitates 1dentifi-
cation of the objects of interest. Picture elements, 1.¢., pixels,
typically define the image of the biological specimen cap-
tured by the camera. Each of the pixels 1s made up of three
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components: a red component, a green component, and a
blue components. Separate red, blue and green CCD cam-
eras can be used to generate the red, blue and green pixels.
The image of the biological specimen, 1.e., the pixels defined
by the red components, green components, and blue com-
ponents, are transiformed to a new representation or form.
The new representation or form makes the objects of interest
within the biological specimen readily identifiable.

The process of mathematically transforming an image
from one representation, into another representation or form
1s known as applying a “color space transformation.” Sev-
eral such color transformations exist, including hue satura-
tion and intensity transformations, and a color transforma-
tion described 1n the ’892 patent. The color space
transformation described 1n the 892 patent involves forming,
a ratio of two different color components for each pixel 1n
the 1mage of the biological specimen. The ratio provides a
means for discriminating color information. With three
components for each pixel, mine possible color ratios can be

formed: R/R, R/G, R/B, G/G, G/B, G/R, B/B, B/G, and B/R.
The ratio to select for the color transformation depends on
a range of colors expected in the biological specimen. For
example, typical stains used for detecting objects of interest
such as tumor cells are predominately red, as opposed to
predominately green or blue. Thus, the pixels of an object of
interest contain a red component which 1s larger than either
the green or blue components. A ratio of red divided by blue
(R/B) provides a value which 1s greater than one for tumor
cells, but 1s approximately one for any clear or white areas
on the slide. Since the remaining cells, 1.e., normal cells,
typically are stained blue, the RIB ratio for pixels of these
latter cells yield values of less than one. The R/B ratio is
preferred for clearly separating color information typical in
these applications. Those pixels having color ratios that
exceed a threshold level are associated with the objects of
interest.

The automated cell analysis improves speed and accuracy
in 1dentifying the objects of interest in the biological speci-
men. The lab technician can manually review and evaluate
whether pixels having ratios that exceed the threshold level
are associated with the objects of interest. The lab technician
need not manually analyze the biological specimen, as a
whole, to i1dentity the objects of interest.

It 1s not uncommon that areas of intense staining or
foreign debris, such as dirt, appear on the slide. The areas of
intense staining and foreign debris can cause the ratio-based
color transformation of the 892 patent to improperly char-
acterize the areas of intense staining or foreign debris as
objects of interest. Since the components of the pixels 1n
such areas are relatively “low,” and since low components
that make up such pixels can appear 1n the denominator of
the ratios, the color ratio can have falsely high values,
causing “false” objects of interest to appear. These false
objects of interest are objects 1dentified as being objects of
interest, but are 1n fact either normal cells or background
areas of the biological specimen.

A presence of Talse objects of interest associated with the
ratio-based color transformation drives one to use extensive
morphological processing following the color transforma-
tion to recognize and attempt to eliminate the false objects
of interest. Therefore, there exists a need for a method and
system to more reliably 1dentify objects of interest in the
biological specimen, which 1s less sensitive to intense stain-
ing or foreign debris produced as a result of the staining
Process.
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SUMMARY

Methods are provided herein for i1dentifying objects of
interest, which take advantage of using one or more novel
color space transformations described herein. Several meth-
ods are described herein for conceptualizing the color space
transiformations, and for carrying out the transformations in
practice using a general-purpose computer. The methods
described below are preterably coded 1n software as a set of
instructions for the general-purpose computer. The methods
are particularly designed for use in processing an image
having red green and blue pixel components and transform-
ing that image to another representation with the computer
and displaying the transformed image to the user. The
transformed 1mage enables a human operator (e.g., patholo-
g1st or technician) to more readily observe and identily
objects of interest that are contained 1n specimen.

The first transformation, referred to herein as “Minus
Clear Plus One” or “MC+17, 1s suited to staining methods
that produce at least two diflerent colors. Conceptually, the
MC+1 transformation 1nvolves translating and rotating axes
of a three-dimensional coordinate space that defines an
image of the biological specimen. Alternatively, the MC+1
transformation involves calculating differences between
vectors 1n the three dimensional coordinate space. The
MC+1 transformation has a high degree of sensitivity to
objects of interest, while being insensitive to characterizing
areas ol intense staining or foreign debris produced as a
result of the staining as objects of interest. Therefore, the
MC+1 transformation does not produce false 1dentification
ol objects of interest, typical of the ratio-based color trans-
formation.

The other of the color space transformations 1s referred to
herein as the “Quantitative Chromatic Transformation™ or
“the QCT”. Like the MC+1 transformation, the QCT 1s also
sensitive to 1dentitying objects of interest, but insensitive to
characterizing areas of intense staining or foreign debris
produced as a result of the staining as objects of interest. The
QCT quantitates, for each pixel, a number of absorbing
molecules. The QCT produces quantities that are linearly
related to concentration of analytes and 1s robust in the
presence ol instrument calibration errors. The QCT has a
high specificity to colors of interest in the biological speci-
men and does not introduce quantitation errors, also typical
ol the ratio-based color transformation.

Application of one, or both, of the above two color
transformations to the image of the biological specimen
results 1 a transiformed image (or transformed 1mages 11
both are used) that aid 1n the 1dentification of the objects of
interest 1 the biological specimen.

According to one exemplary embodiment of the present
invention, the MC+1 color transformation involves reori-
enting the three-dimensional coordinate space defining the
image of the biological specimen. The three-dimensional
coordinate space has axes corresponding to the red compo-
nent, green component, and blue component of the pixels in
the 1mage of the biological specimen. In the three-dimen-
sional coordinate space, positive object pixels define the
objects of interest in the biological specimen, counter-
stained object pixels define normal cells 1n the biological
specimen, and background pixels define background areas,
¢.g., clear areas, ol the biological specimen. The three-
dimensional coordinate space 1s reoriented such that a
cluster of the background pixels 1s at an origin of the
three-dimensional coordinate space and the counter-stained
object pixels lie substantially along an axis of the three-
dimensional coordinate space. As a result, the positive object
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4

pixels, defining the objects of interest, 1f any, lie substan-
tially between the axes of the three-dimensional coordinate
space.

According to an alternative exemplary embodiment of the
present invention, the MC+1 color transformation, described
above as reorienting the three dimensional coordinate space,
may be mathematically characterized by a sum of products
for each of the pixels 1n the image of the biological speci-
men. Coellicients and complements define the sum of prod-
ucts. Stains which i1dentity the objects of interest in the
biological specimen define the coetlicients for the MC+1
transformation. On the other hand, the complements are
defined by the difference between the actual value of the red
component and a maximum value of the red component, the
actual value of the green component and the maximum value
of the green component, and the actual value of the blue
component and the maximum value of the blue component.
The sum of the products between the coeflicient and the
complements, for each pixel, produces a transformed 1mage
which 1dentifies the objects of interest, if any, 1 the bio-
logical specimen.

According to yet another alternative exemplary embodi-
ment of the present invention, the MC+1 transformation may
be implemented by calculating differences between vectors
in the three-dimensional coordinate space. A counter-stained
object vector extends from a cluster of the background
pixels through counter-stained object pixels in the three-
dimensional space. On the other hand, a positive object
vector extends from the cluster of the background pixels to
a positive object pixel also in the three dimensional space.
The 1image of the biological specimen i1s transformed by
calculating, for each pixel, a difference between the positive
object vector and the counter-stained object vector. The
differences for each of the pixels define a transformed 1mage
which 1dentifies the objects of interest, if any, 1n the bio-
logical specimen.

According to an alternative exemplary embodiment of the
present 1nvention, the MC+1 transformation, described
above as calculating differences between vectors, may be
mathematically characterized by executing instructions in
soltware that calculate a transtorm value, for each pixel, the
value defined by a square root of (p, *+p, +p)x(p, 4D, +
Pac )—(D1XP 1 AP2XP2+P3XP5.) . Quantities py, p,, and ps,
represent a complement of first component, e.g., red com-
ponent, second component, e.g., green component, and third
component, ¢.g., blue component, respectively, of a pixel to
be transformed. On the other hand, quantities p, ., p,., and
P, represent a complement of the first component, a comple-
ment of the second component, and a complement of the
third component, respectively of a representative counter-
stained pixel. The transform values for each of the pixels
define a transformed image which can be used by an
operator or through software to identity the objects of
interest, 1i any, 1n the biological specimen.

The Quantitative Chromatic Transform 1s a colorimetric
transformation that produces three new quantitities from the
original red, green, and blue pixel values for each color pixel
of an 1mage. These three new quantities, X, Y, and Z can
cach be ecasily related to the quantitative amount of absorb-
ing molecules sampled by that pixel by the logarithm
function. The distinctive feature of the QCT, 1s its ability to
quantitate analytes from color image data.

The QCT transformation can be implemented by calcu-
lating a quotient between a first value and a second value, the
quotient defimng the number of absorbing molecules, per
pixel. The first value 1s a square of a first component, e.g.,
red, green, or blue component, of a pixel to be transformed.
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The second value, on the other hand, 1s a product of a second
component, e€.g., also red, green, or blue component of the
pixel to be transformed, and a third component, e.g., red,
green, or blue component of the pixel to be transtormed. The
number ol absorbing molecules for each pixel defines a
transformed 1image which i1dentifies the objects of interest, 11
any, 1n the biological specimen.

These as well as other aspects and advantages will
become apparent to those of ordinary skill in the art by
reading the following detailed description, with appropnate
reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the present invention are
described herein with reference to the drawings, in which:

FIG. 1 1s a block diagram of a representative apparatus for
automated cell analysis of a biological specimen;

FIG. 2 illustrates a process for identifying objects of
interest in the biological specimen;

FIG. 3 illustrates a pixel plotted in a three-dimensional
coordinate space;

FIG. 4 1llustrates a mapping of pixels of the exemplary
image of the biological specimen into a two-dimensional
coordinate space;

FIG. 5 1llustrates rotating and translating the two-dimen-
sional coordinate space of FIG. 4 to produce another two-
dimensional coordinate space;

FIG. 6 1illustrates a horizontal view of the other two-
dimensional coordinate space of FIG. 5;

FI1G. 7 1llustrates results of a MC+1 transformation of the
image of the biological specimen according to a rotation and
translation operation;

FIG. 8 illustrates defining yet another two-dimensional
coordinate space which 1s a translation of the two-dimen-
sional coordinate system of FIG. 3;

FIG. 9 illustrates a horizontal view of the two-dimen-
sional coordinate space of FIG. 8;

FIG. 10 illustrates defining vectors ranging from back-
ground pixels to positive object pixels and from background
pixels to counterstained object pixels 1n the two dimensional
coordinate space of FIG. 9; and

FIG. 11 illustrates results of the MC+1 transformation of
the 1mage of the biological specimen according to vector
operations.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

L1
M

ERRED

FIG. 1 1s a block diagram of exemplary apparatus for
automated cell analysis of a biological specimen, in which
exemplary embodiments of the present mmvention may be
employed. It should be understood that this and other
arrangements and elements (e.g., machines, interfaces, func-
tions, orders of elements, etc.) can be added or used instead
and some e¢lements may be omitted altogether. Additionally,
those skilled in the art will appreciate that many of the
clements described herein are functional entities that may be
implemented as discrete components or in conjunction with
other components, 1n any suitable combination and location.
Moreover, the various functions described herein as being
performed by one or more entities may be carried out by
hardware or by a processor programmed to execute an
appropriate set of computer 1nstructions stored 1n memory.
Provided with the present disclosure, those skilled 1n the art
can construct the hardware and develop the appropriate set
ol computer instructions to perform such functions. Indeed,
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6

the invention 1s suitable for use with existing microscope
systems 1n current use today, including those supplied by
Chromavision, Bacus Laboratories, Accumed International
(now Molecular Diagnostics, Inc.) and others, with the
associated computers of such systems being modified to
include code performing the color space transformations
described herein.

By way of example, the apparatus for performing the
automated cell analysis may include a microscope system
104, an 1image processing system 106, and a display 108. The
microscope system 104 allows for obtaining an 1mage of the
biological specimen contained on a slide 100 by means of an
charged coupled device (CCD) camera 102 having appro-
priate red, blue and green filters, or separate red blue and
green CCD cameras. The microscope system 104 has a
motorized X-Y stage 114 holding the slide, a Z stage focus
116, objective lenses 110, a light source 112. The X-Y stage
114 allows for the slide 100 to be moved horizontally 1n an
X-Y plane so that the biological specimen 1s under the
objective lenses 110. X-Y positions where the slide is
imaged in particular fields of view may be recorded and
stored for future reference, or other means may be used to
store locations on the slide where particular fields of view
are obtained.

The objective lenses 110 magnity the biological specimen
100 so that individual cells, cellular structure, and other
matter 1n the biological specimen can be discriminated. The
microscope system also has the Z stage focus 116. The Z
stage focus 116 adjusts displacement of the X-Y stage 114
in a Z direction. The displacement of the X-Y stage 114 1n
the 7 direction allows for focusing the biological specimen
while under the objective lenses 110.

The camera 102 captures an electronic 1mage of the
biological specimen so that objects of interest can be 1den-
tified 1n the biological specimen. The light from the source
112 passes through the biological specimen mounted on the
slide 100, and 1s 1imaged by the objective lenses 110 on the
tocal plane of the CCD camera. The camera 102 captures an
in-focus, magnified, electronic image of the biological speci-
men for analysis that 1s converted to digital form and stored
1n memory.

A digital link, e.g., data bus or communication network,
connects the 1image processing system 106 to the microscope
system 104. The microscope system 104 sends the image of
the biological specimen (i.e., the electronic image) to the
image processing system 106 so that a color transformation,
1.€., the MC+1 transtorm or QCT, as described herein, can be
applied to the image. The image processing system 106 may
take the form of a general purpose computer having a
processor (CPU) and a main memory. The memory stores
computer 1mstructions executable by the processor for apply-
ing the MC+1 transform and/or the QC'T to the image of the
biological specimen. As a result of applying the color
transformation, the image processing system 106 produces a
transformed i1mage in which the objects of interest in the
biological specimen, 1f any, are i1dentifiable.

Additionally, 1f so equipped, the image processing system
106 may send the transformed 1mage to a display screen 108.
The display screen 108 may be a monochrome or color
display coupled to the image processing system 106. The
display screen 108 may present the transformed 1mage on
the display screen 108 so that a lab technician, for example,
can see whether the biological specimen has any objects of
interest.

FIG. 2 1llustrates, 1n more detail, a process for identiiying
objects of interest 1n the biological specimen that employs
exemplary apparatus of FIG. 1.
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At step 120, the biological specimen 1s stained with one
or more probes. The MC+1 transtormation and the QCT
performed by the image processing system 106 rely on the
objects of interest being stamned a different color from
normal cells and background areas of the biological speci-
men. As a result, the biological specimen 1s stained with the
one or more probes prior to obtaining the image of the
stained biological specimen.

The one or more probes consist of reagents and/or
enzymes that react differently with the cells, structures, and
other matter defining the biological specimen 100. For
example, the probes typically result in the objects of interest
reacting with the probe to produce a stain with a first color,
the normal cells reacting with the probe to produce a stain
with a second color, and, if the biological specimen 1s
mounted on a shide, background areas, 1.e., clear areas, being
unstained. Of course, other arrangements are also possible
depending on the stains employed.

At step 122, the microscope system 104 obtains the image
of the biological specimen. Pixels typically define the image
of the biological specimen (i.e., the cells, structure, and other
matter 1n the biological specimen). Each of the pixels 142
may consist of a cluster of colors 134, e.g., a red component
136, a green component 138, and a blue component 140.
Alternatively, the image of the biological specimen may be
defined by pixels with components such as luminance and
chrominance components (Y, Cr, Cb) or hue, saturation,
intensity (H, S, I) components. Preferably, however, the
image may be defined by the pixels with the red compo-
nents, the green components, and the blue components.
These components are digitized in memory 1n a scale of 0 to
255 with higher numbers representing more intensity.

The pixels 1n the image may be classified as positive
object pixels, 1.e., associated with the objects of interest, and
counterstained object pixels, 1.e., associated with normal
cells. Moreover, 11 the biological specimen 1n mounted on a
slide, then clear areas of the slide may be classified as
background area pixels. The staining by the one or more
probes results 1n the positive object pixels taking on a
different color from the normal pixels and the background
arca pixels of the biological specimen. For example, the
objects of interest may take on a reddish brown color while
normal cells may take on a grayish color. If the biological
specimen 1s mounted on a clear slide, then the background
areas may take on a whitish color. Of course, other arrange-
ments are also possible depending on the particular staiming
method 1n use.

At step 126, the image processing system will transform
the 1mage of the biological specimen to produce a trans-
formed 1mage. A processor on the image processing system
106 executes the computer instructions stored 1 memory
that define one of two color transformations, the MC+1
transformation and QCT. The color transformation allows
for automated 1dentification of the objects of interest in the
biological specimen from normal cells and background
areas. The color transtformation produces a new set of pixel
values, 1.¢., the transformed 1image, 1n which the normal cells
and the background areas are identifiable from the objects of
interest.

If so equipped, the automated cell analysis apparatus may
perform steps 128 and 130. At step 128, the 1image process-
ing system may, but need not, morphologically process the
transformed 1mage. Application of morphological process-
ing further refines the 1dentification of the objects of interest
within the biological specimen. For example, the morpho-
logical processing results in boundaries of the cells of
interest 1n the biological specimen being more clearly 1den-
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tified. The 1image processing system may use standard tech-
niques, such as dilation or erosion, well known to those
skilled 1n the art, to perform the morphological processing.

Additionally, 1f the i1mage processing system 106 1is
coupled to a display, then, at step 130, the 1mage processing
system will present the transformed image 132 on the
display. The image processing system 104 typically presents
the transformed 1mage on the display 1n a manner such that
the objects of interest are presented at a different intensity or
color from that of the normal cells and the background areas.
By presenting the objects of interest at the different intensity,
the transformed 1mage identifies the objects of interest, i
any, 1n the biological specimen.

As noted above, the 1mage processing system 106 uses a
color transformation to 1dentity the objects of interest 1n the
image of the biological specimen 124. The image processing
system applies the MC+1 transformation, the QCT, or both
transiformations, to produce the transformed 1mage identi-
tying the objects of interest. Advantageously, the MC+1
transformation and QC'T allows for 1identiiying the objects of
interest with a high degree of quantitation, without falsely
identifving, as objects of interest, areas of intense staining or
presence ol foreign objects, produced as a result of the
staining.

MC+1 Transformation

The MC+1 transformation 1s suited to 1dentifying objects
of interest in the 1mage of the biological specimen, when the
staining methods produce at least two different colors. The
MC+1 transformation results a transtformed 1mage where the
normal cells and the background areas are close to black and
the objects of interest are close to white. Hence, the name
minus clear (MC, e.g., minus or subtraction of normal cells
and background areas), plus one (e.g., positive objects).

Conceptually, the MC+1 transformation mvolves visual-
1izing pixels in the image of the biological specimen as a
point objects 1n a three dimensional coordinate space. FIG.
3 illustrates the three dimensional coordinate space in which
the pixels of the image of the biological specimen can be
visualized. Axes of the three dimensional coordinate space
correspond to the red component, green component, and
blue component of the pixels. As a result, the pixels take a
unique position in the coordinate space depending on values
of the red components, the green components, and the blue
components.

MC+1 Transformation Based on Translation and Rotation

In accordance with an exemplary embodiment of the
present invention, 1image processing system 106 may apply
a MC+1 transformation that involves reorienting the three-
dimensional coordinate space of FIG. 3. The reorientation
produces another three-dimensional coordinate space in
which the pixels associated with the objects of interest are
identifiable.

The reornientation consists of a translation and a rotation
operation of the three dimensional coordinate space. For
case of visualization of the translation and rotation operation
to be described herein, the positive object pixels, back-
ground pixels, and normal pixels, 1.e., counter-stained object
pixels, which define the image of the biological specimen
are plotted mm a two-dimensional coordinate space rather
than the three dimensional coordinate space. Each pixel has
red, green, and blue components, but the pixels are assumed,
for purposes of 1llustration, to have just two components, the
red components and the green components.

FIG. 4 illustrates plotting the pixels in a two dimensional
coordinate space 150. In the two dimensional coordinate
space, a red component of the pixel constitutes an “x-axis”
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and a green component of the pixel constitutes the “y axis.”
The two dimensional coordinate space has clusters of pixels.
The clusters of pixels correspond to pixels defining the
objects of interest, pixels defining the normal cells, and
pixels defining the background areas of the image of the
biological specimen.

The background pixels typically lie in a small cluster in
the two dimensional coordinate space. The background
pixels correspond to clear areas of the slide. As a result, the
background pixels typically have a same value for both the
red component and the green component. However, the
background pixels will not have color components that are
identical. Noise and i1llumination non-uniformities atfect the
color components of the background pixels. The noise and
illumination non-uniformities cause the pixels to lie i the
small cluster 1n the two dimensional coordinate space 150.

The cluster of the counter-stained object pixels lie 1n a
roughly linear group extending from the background pixels.
As the counterstained objects may represent normal cells,
the counterstained object pixels are a diflerent color from the
background pixels. Noise and illumination non-uniformaity,
however, results 1n the counter stained object pixels being
spread out 1n the two dimensional coordinate space 150.
Additionally, varying degrees of staining intensity spreads
the counter-staimned object pixels. The variation in staining
intensity makes the counter-stained object pixels lie 1n an
clongated cluster extending from the background cluster.

Pixels defining the objects of interest will lie 1n another
cluster of the two dimensional coordinate space. The pixels
may lie 1n another cluster because the stain used to identify
the positive object pixels will be different from the stain used
to 1dentify the counter-stained object pixels. The diflerent
stain results 1n the positive object pixels lying separately
from the background pixels and the counter-stained object
pixels 1 the two dimensional coordinate space 1350.

As 1llustrated by FIG. 5, the MC+1 transformation can be
viewed as 1nvolving translating and rotating the two dimen-
sional coordinate space 150 to produce another two dimen-
sional coordinate space 160 having an origin at, for example,
an average pixel value of the cluster of background pixels.
The translation and rotation results in the counterstained
pixels and the background pixels having nominally zero
color components while the positive object pixels having
non-zero color components. The two dimensional coordi-
nates space 160, defined by axis r' and axis g', are not
“actual” colors. Nonetheless, the non-zero color components
ol the positive object pixels make the positive object pixels
readily identifiable 1n the two-dimensional coordinate space
160. The pixels, as plotted within the two-dimensional
coordinate space 160, (or conceptually a three-dimensional
coordinate space so oriented) define a transformed image.
Additionally, the transformed 1mage 1dentifies the objects of
interest, if any, in the biological specimen.

The transformation of the pixels according to the MC+1
transformation, conceptualized as a rotation and translation,
involves mathematically complementing respective pixel
components by a maximum pixel value (to translate the axes
of the two dimensional coordinate space 150) and then
applying rotation matrices (to rotate the axes of the two
dimensional coordinate 150) to produce the two-dimen-
sional coordinate space 160. The components of the pixels
in the 1mage of biological specimen may be quantized as 8
bit values ranging from 0 to 253, but other quantizations are
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also possible. If, however, the components are quantized as
8 bit values and a maximum component value 1s 255, then
the processor of the i1mage processing system 106 will
execute computer instructions that result 1n a calculation of
the complement of the respective pixel components as
follows:
R'=255-R
G'=255-G
B'=255-B

Then, the processor of 1mage processing system 106
executes computer instructions for performing three cas-
caded rotations to reduce the color components of the
counter-stained pixels to zero and to maximize the color
components of the positive object pixels:

The pixels 1n the first color space are rotated about the r'
axis (defined by a translation of the r axis) and given by:

(R”Y (et st 0\ R
G” |=| =st ct O|| G
 B” 00 1,“3")

The matrix components are sins and cosines of the
required rotation angle (theta).

These are given by:

) Rb
(RB? + GBS

) Gb
(RB? + GO

Cl.

St

where the subscript “b” denotes a component value for a
respective component ol the counterstained object pixel.
The component value 1s based on a “typical” counterstained
object pixel of the cluster of counter-stained object pixels,
dependent on a particular staining method in use. The
component value may be an average staining intensity, but
other arrangements are also possible.

The pixels 1n the first color space are then rotated about
the ¢' axis (defined by a translation of the g' axis) and given

by:
/ Rﬂ"f 3 p SP 0 CP \ / RF! 3
G l=| 0 1 0 G
kB”; ) k\_CP 0 SPJKBH)

where the rotation coethcients are sins and cosines of an
angle phi, given by

)D.S Bb

 (Rb® + Gb? + BHAY"

- (RV+GP’
(RB* + Gb? + Bb?)°”

Sp: cp:

and the subscripts having the same meaning as before.
The pixels are then rotated about the b' axis (defined by a

translation of the b' axis), thereby producing final color

values 1n a rotated three dimensional coordinate space:



Us 7,200,252 B2

( FinalRY (1 0 0 (R
FinalGl=10 ca -sal|l G
 FinalB) \0 sa ca J\ B”

where the rotation coethicients are the sins and cosines of an
angle alpha and are given by:

[[—st-(Rr) + ct- Gt]]
Sl =
[(—cp-ct-Ri)—cp-si-Gt+sp-Bi]t + (—st- Rt + ct- GD)2]”

(—ep-ct-Rr)—cp-st-Gr+sp- br

O R—
[(—cp-ct-Ri)—cp-st- Gt + sp- Bi]* + (—st- Rt + ct- Gn)?]”

Here, the subscript “t” represents component values for a
“typical” positive object pixel, also determined by the par-
ticular staining method 1n use.

The three rotation matrices, cascaded together, define an
expression for the MC+1 value for each pixel in the image
of the biological specimen. By calculating the MC+1 value
for each pixel, the image processing system 106 transforms
the 1mage of the biological specimen to produce a trans-
formed 1mage. The transformed 1mage consists of the MC+1
value for each of the pixels 1n the image of the biological
specimen. Additionally, the transformed 1mage 1dentifies the
objects of interest, 1I any, 1n the biological specimen. For
example, the objects of interest may be defined by those
pixels having an MC+1 value above a threshold value.

The expression for calculating the MC+1 value, 1.e., the
three rotation matrices, cascaded together, consists of a sum
of a plurality of products between weighing coethicients and
the complement of the red component, green component, or
the blue component. The processor executes computer
instructions stored in the memory for calculating the MC+1
transformation based on the sum of the plurality of products.
Specifically, the expression 1s a sum of products between a
first coeflicient and the complement of the first component,
e.g., red, for a pixel to be transtormed, a second coetflicient
and the complement of the second component, e.g., green,
for the pixel to be transformed, and a third coeflicient and the
complement of the third component, e.g., blue, for the pixel
to be transformed, or:

MC+1 value=(-sa*cp*ct—ca*st)*R'+(-sa*cp*st+
ca*ct)*G'+(sa*sp)*h’,

where the first coetlicient 1s —sa*cp*ct—ca™st, the second
coellicient 1s —sa*cp*st+ca*ct, and the third coeflicient 1s
sa*sp, and R', G' and B' are the complements of the actual
red, blue and green pixel values.

A variety of stains and counterstains can be used to make
the objects of interest in the biological specimen more
readily 1dentifiable and the present invention 1s not limited
to a particular staiming chemistry. Values of the weighting
coellicients 1n the above expression depend on a number of
factors, including the actual staiming chemistry used, the
preparation of the stain and how 1t 1s used, and noise 1n the
image and from other sources. ABC and Hematoxylin stains
have been used which results for the first, second and third
coellicients falling 1n a range of between approximately 0.7
to 0.8, 0.5 to 0.65, and 0.3 to 0.4, respectively. Actual values
for the three components in one calculation were 0.721,
0.612, and 0.381, respectively. The weighting coeflicients
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remain fixed throughout the transformation of the image of
the biological specimen to the transformed image. Thus, in
this particular example, the pixels in the image of the
biological specimen, stained by NEC and Hematoxylin, are

transformed by forming a following MC1 value for each
pixel 1n the 1mage of the stained biological specimen:

MC+1 value=-0.721%(255-red )+0.612%(255-green)+
0.381%(255-blue),

where the red, green, and blue are components of the pixels
in the image of the biological specimen. The transformed
image 1s defined by the MC+1 value calculated for the pixels
in the image of the biological specimen. Additionally, the
objects of interest may be defined by those pixels having a
MC+1 value above a threshold value.

As shown by FIG. 6, the MC+1 transformation results 1n
the color components of the background pixels and the
counter-stained object pixels along the g' axis being nomi-
nally zero and the positive object pixels having a component
along the g' axis. The pixels, as oriented in the two-
dimensional coordinate space 160, define the transformed
image 1n which the positive object pixels are visible 1n the
transformed 1mage and the background pixels and the coun-
terstained object pixels are not visible.

FIG. 7 shows a transformed 1mage produced as a result of
applying the MC+1 transformation to the image of the
biological specimen. Weighting the red component, green
component, and blue component of the pixel values and
forming a sum of weighted components, produces a new
“color”, or value. The new color or “value” for each of the
pixels in the 1image of the biological specimen defines the
transformed 1mage. The transformed 1mage 1s 1deally suited
for subsequent morphological processing, such as classifi-
cation (thresholding), centroiding, dilation, or erosion so as
to further refine 1dentification of the objects of interest in the
transformed 1mage.

MC+1 Transformation Based on Vector Operations

In accordance with an alternative exemplary embodiment
of the present invention, the 1image processing system 106
may apply an MC+1 transformation that involves vector
operations, rather than a translation and rotation operation.
The vector operations produce the transformed 1image which
identifies the objects of interest, 11 any, 1n the biological
specimen. The vector operations consist of defining two
vectors 1n the three dimensional coordinate space. A counter-
stained object vector extends from a typical background
pixel of the background pixels through the counter-stained
object pixels. On the other hand, a positive object vector
extends from the typical background pixel to a positive
object pixel. A difference between the positive object vector
and the counter-stained object vector defines an MC+1 value
for the positive object pixel. Steps of the MC+1 transior-
mation based on the vector operations are different than
steps of the MC+1 transformation based on the translation

and rotation. However, as shown below, the results of the
MC+1 transformation are the same.

FIG. 8 illustrates transforming the pixels in the image of
the biological specimen based on the vector operation.
Again, for ease of visualization of the transformation opera-
tion to be described herein, the positive object pixels, the
background pixels, and the counter-stained object pixels,
which define the image of the biological specimen, are
assumed to exist in an two dimensional coordinate space 190
rather than a three dimensional coordinate space. Each pixel
has red, green, and blue components, but, for purposes of




Us 7,200,252 B2

13

illustration, the pixels are assumed to have just two com-
ponents, the red components and the green components.

The two dimensional coordinate space 190 has axes
corresponding to the red component and green component of
the pixels. Another two dimensional coordinate 194 includes
axis r' and axis g', a translation of the axes defining the two
dimensional coordinate space 190. The translation of the
axes 190 result 1n an onigin of the axes 194 being centered
within cluster of the background pixels, e¢.g., at an average
pixel value of the cluster of the background pixels.

FIG. 9 illustrates redrawing the two dimensional coordi-
nate space 194 to facilitate an understanding of the trans-
formation process, as described below.

FI1G. 10 illustrates two vectors drawn from a cluster of the
background pixels to the positive object pixel and counter-
stained object pixels, respectively, in the two dimensional
coordinate space 194. A positive object pixel vector 198
extends from the cluster of the background pixels to the
positive object pixel. Additionally, a counter-stained object
pixel vector 200 extends through the counter-stained object
pixels.

A dotted line 196 represents a diflerence between the
positive object pixel vector 198 and the counter-stained
object pixel vector 200 for the positive object pixel. The
difference defines the MC+1 value for the positive object
pixel.

Generally, the image of the biological 1mage 1s trans-
formed by calculating a difference between a vector and the
counter-stained object pixel vector. The vector extends from
the cluster of the background pixels to a pixel to be trans-
formed, e.g., another background pixel, a positive object
pixel, or a counterstained object pixel. The diflerence rep-
resents the MC+1 value for the pixel to be transformed. The
difference for each pixel in the image of the biological
specimen defines the transformed image. Additionally, the
transformed 1image 1dentifies the objects of interest, 1f any, in
the biological specimen.

Elementary vector algebra mathematically defines the
difference between the positive object pixel vector 198 and
the counter-stained object pixel vector 200. The processor of
the image processing system 106 calculates the diflerence by
forming a complement of a first component, e.g., red com-
ponent, a complement of a second component, ¢.g., green
component, and a complement of a third component, e.g.,
blue component, for each of the pixels and then calculating
a transform value, as described below.

The 1mage processing system 106, 1n performing MC+1
transformation based on the vector operations, has computer
instructions stored in the memory and executable by the
processor for calculating a dot product of two vectors. The
dot product 1s:

P dot C=Mag(P)*Mag C* cos (included angle),

where the included angle represents the angle between the
positive object vector and the counter stained object vector,
P represents a magnitude of the positive object pixel vector,
P, and C represents the magnitude of the counter-stained
object vectors, C.

Expanding the dot product, the MC+1 value, or transform
based on the vector operation 1s represented as:

MC+1 value=sqrt (R+G2+B'H)Y*(RE°+Gb*+Bb?)-
(R"™*Rb+G"*Gb+B"*Bb)?)

where R', G', and B' represent a complimented red compo-
nent, green component, and blue component, of the pixels in
the 1mage of the biological specimen. Additionally, the
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quantities Rb, Gb, and Bb are the complemented component
values of pixels for a “typical” counterstained object. The
image processing system 106 transforms the image of the
biological specimen by calculating the MC+1 value for each
pixel the image of the biological specimen. The MC+1 value
for each of the pixels defines a transiformed 1mage which
identifies the objects of interest, 11 any, 1n the biological
specimen. For example, the objects of interest may be
defined by those pixels having a MC+1 value above a
threshold value. Additionally, morphological processing can
be applied to the transformed image so as to further refine
identification of the objects of interest.

FIG. 11 illustrates the transformed image produced as a
result of applying the MC+1 transform based on the vector
operation to an 1mage of the biological specimen. Compar-
ing FI1G. 7 to FI1G. 11, the MC+1 transformation based on the
vector operation produces same results as the MC+1 trans-
formation based on the translation and rotation operation.
Thus, the MC+1 transformation based on the vector opera-
tion 1s another method for identifying object of interest in the
image ol the biological specimen.

Quantitative Chromatic Transformation (QCT)

Instead of, or 1n addition to the MC+1 transtformation, the
image processing system 106 may apply a QCT to identily
the objects of interest 1n the 1mage of the biological speci-
men. The QCT results in a characterization of a quantitative
amount of absorbing molecules sampled by a pixel.

The QCT involves calculating three new quantities from
the red component, the green component, and the blue
component of the pixels in the image of the biological
specimen. The three new quantities, X, Y, and Z linearly
relate, to a sampled pixel, a quantitative amount of absorb-
ing molecules, N. Each of the three new quantities X, Y, and
/. mvolves calculating a quotient. The quotient consists of
first value divided by a second value, where the first value
1s a square of a component, ¢.g., red, green, blue, of a pixel
to be transformed and the second value 1s product of two
different components, e.g., red, green, blue, of the pixel to be
transformed.

The following expressions define the quotient, or, a num-
ber of absorbing molecules sampled by a pixel having a red
component, r, a green component, g, and a blue component,
b, respectively:

X=log(r*/(gxh)) Y=log(g?/(rxb)) Z=log(b*/(rxg))

One or more of these three quantities represents an
acceptable estimate of N. As a result, the processor of the
image processing system 106 may execute computer istruc-
tions for calculating the amount of absorbing molecules per
pixel, as described by the above expressions. Preferably,
however, the average of these quantities produces a better
estimate of N. The processor may execute computer mstruc-
tions for applying weighting coetlicients, k, k,, and k_ to
weight the three component values X, Y, and Z such that the
component with the most noise contributes the least to the
welghted average and vice-versa. The weighing coellicients,
as applied to the three component values, produce a
weilghted average, 1.e., a QCT value:

QCT value=k, X+k Y+k,Z

[

Optimal estimation theory defines the weighing coefli-
cients. Taking three estimates for a quantity X (not the same
quantity as the X of QCT, but instead a variant X: X 1, X 2,
and X 3 ), the three estimates can be averaged to reduce the
noise of the final estimate, or:
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X+ X2+ X3
X: = 3

(1)

or

X'—l X1 . X2 . X3
.—§' +§' +§'

For such a case, the noise (standard deviation) of the final
estimate of X 1s given 1n terms of the standard deviations of
cach estimate as:

If all the standard deviations are equal, then the noise
equals a root sum squared (RSS)of X 1, X 2, and X 3. Thus,
the processor may execute computer instructions stored in
the memory for weighing the amount of absorbing mol-
ecules given by X, Y, and Z, by coethicients k, k , and k,
equal to Y4, to produce the weighted average, 1.e., the QCT
value. The QCT value for each of the pixels in the image of
the biological specimen defines a transformed image. The
transformed 1mage identifies the object of interest in the
biological specimen, 1f any. For example, the objects of
interest may be defined by those pixels having a QCT value
above a threshold value.

Alternatively, the processor of the 1image processing sys-
tem 106 may execute computer istructions that produce a
weighted average. The weighted average 1s calculated as a
result of applying a small weight to the estimate of the
amount of absorbing molecules with highest noise and a
large weight to the estimate of the amount of absorbing
molecules value with lowest noise. So, imstead of forming an
average with equal weighting coeflicients, a weighted aver-
age can be produced according to:

X:=k1- X1+£2-X2+£3-X3

where the “k’s” are not equal, and are subject to:

kl+k2+4k3:=1
The noise values will combine according to:

(0)”: =(k1-0\)*+(k2-05)°+(k3-03)°

02 =k1%-01%4+k2%-02°+k3%-037

The values for k 1, k 2, and k 3 can be obtained by
solving:

d d d
S 2-: - e - e
0 0 ﬁﬂkzol. 0 ﬂﬂkjol. 0

These solutions provide the following answers for the
welghting coeflicients.

n a2* - o3? (2)
o120 12032 + 022 3R
- — 2% - o3

ol?-c2% + 01?03 + g2%- g32
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-continued
ol g2?

al?.-g2% +gl?-03% + g2% . o3?

k3: =

Thus, the QCT value may be calculated as a result of
calculating variances for X, Y, and Z, calculating the weight-
ing coeilicients, and then weighting the three estimates of
absorbing molecules by the weighting coetlicients to obtain
the weighed average.

Taking, for instance, the definition of X (without the
logarithm):

X

}"'2
gxb

where r, g, and b are the pixel values for the red, green, and
blue component, respectively, for a pixel 1in the image of the
biological specimen. For each of the component values of
the pixels, Beer’s Law shows that:

r=rol07" " g=g, 107%™ and b=by107>"™

That 1s, the component values of the pixels 1s exponentially
related to an absorption constant for each spectral band, an
analyte concentration C, 1.e., the number of absorbing mol-
ecules, and a path length through the sample. Substitution
into the definition of X above results in:

. _ rglo—2rtt
g(}b[}lg_kg C.‘flg—kb C

For a colorimetrically calibrated system,

the above expression can be simplified to obtain:

10—2!(?-(:!

10 ke St p—kpCl

— 10~ ClZkpthp+i)

Taking the log of this expression, and solving for the C*]
product (which 1s the product of the analyte concentration
times the path length) produces the following quantity:

log(X)
2k, + kg + Ky

Cxl=N=-

The number of absorbing molecules sampled by a pixel may
also be estimated for the other two quantities of QCT,
namely the Y and Z quantities. The three different estimates
of N become:
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1 1 1
log(X) log(Y) log(Z) Cy = y = 7 =
: iy
Kx

= 2 2 2
G_%"{XG_%"{Y +G'NXO_%{Z +U'NYG'NZ

Given variances for the red components, green compo-

nents, and blue components of the pixels, the variances of result in:

these three quantities are calculated as: L[y 2V (1[I 1y 2V
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Substitution of these expression into eq (3) yields:
Thus, k,, k,, and k,, as above, defines the weighting coet-

ficients for X, Y, and Z according to the QCT. The processor

oRY: 1V, 1y 40 Ofthe 1mage processing system 106 may apply these weight-
(‘] o)+ (g] Ug T (g] "frb] ing coellicients, instead of equal weighting coeflicients of 14,
to calculate the QCT value for each of the pixels. The QCT

value for each of the pixels defines a transformed image

which identifies the objects of interest in the biological

For equal variances for the red components, green compo- 45 specimen, if any. For example, the objects of interest may be
nents, and the blue components: defined by those pixels having a QCT value above a thresh-

old value. Additionally, morphological processing can be

applied to the transformed image so as to further refine

> 1 (% ]2 X ( 1 ]2 +[1ﬂ 2 identification of the objects of interest.
© 3x2.303%x 2k + kg +hp) |\ so  Exemplary embodiments of the present invention have
thus been 1llustrated and described. It will be understood,

_ _ _ _ however, that changes and modifications may be made to the
This same analysis can be applied to calculate the vari-  jpyention as described without deviating from the spirit and

ances for Y and Z. The final three expressions are: scope of the invention, as defined by the following claims.
55 Lor example, a general-purpose computer associated with
the microscope, 1n a separate workstation, a programmable

|
O—ZN = 5
322303« 2k, + kg +kp)

¥

2 = L (%]2 +( 1 ]2 +( L ﬂ 2 eqs (4) microprocessor, or any other suitable computing device,
3#2.303%x 2k, + kg +hp) [\r ) \gJ) \b may execute the instructions that code the color space

1 1Y (2 (1Y transformations. The details of the microscope system, the

Ty = 342.303 = (k, + 2k, + k) (F] * (g] N (E] }Ol <o cameras used to capture the images of the slide are likewise

are not particularly pertinent and can vary widely.
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What 1s claimed 1s:

1. A method for 1dentifying objects of interest in a stained

65 biological specimen; the objects of interest being 1dentified

Finally, making use of eq (2) and using the values from eq  from normal cells and background areas of the biological
(4) and substituting: specimen, the method comprising;
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obtaining an 1image of the biological specimen, the image
of the biological specimen comprising pixels, each of
the pixels being defined by a first component, a second
component, and a third component;

storing pixel values representing the first, second and

third components 1n a memory;

forming a complement of the first component, the second

component, and the third component for each of the
pixels;
executing 1nstructions 1 a computing device that operate
on said stored pixel values so as to transform the image
of the biological specimen to produce a transformed
image, the image of the biological specimen being
transformed by calculating, for each of the pixels, a
sum of a plurality of products, the plurality of products
being between (a) a first coetlicient and the comple-
ment of the first component for a pixel to be trans-
formed; (b) a second coeflicient and the complement of
the second component for the pixel to be transformed;
and (c) a third coeflicient and the complement of the
third component for the pixel to be transformed,

whereby the transformed 1mage assists 1n identification of
the objects of interest, 11 any, 1n the biological speci-
men.

2. The method of claim 1, wherein transforming the image
of the biological specimen further comprises summing the
plurality of products computed for each of the pixels.

3. The method of claim 1, wherein the biological speci-
men 1s stained with a given staining combination that
uniquely defines the first coeflicient, the second coellicient,
and the third coetlicient.

4. The method of claim 3, wherein the given staiming
combination 1s AEC and Hematoxylin.

5. The method of claim 4, wherein the first coeflicient 1s
between —0.8 and —0.7, the second coeflicient 1s between 0.5
and 0.65, and the third coetflicient 1s between 0.3 and 0.4.

6. The method of claim 1, further comprising morpho-
logically processing the transformed 1mage to refine identi-
fication of the objects of interest, 11 any, in the biological
specimen.

7. The method of claim 1, wherein the complement of the
first component, the second component, and the third com-
ponent for each of the pixels comprise subtracting a maxi-
mum component level from the first component, the second
component, and the third component.

8. The method of claim 7, wherein the maximum com-
ponent level 1s 233,

9. The method of claim 1, wherein the first, the second,
and the third components of the pixel to be transformed are
red, green, and blue components, respectively.

10. A method for identifying objects of interest mn a
biological specimen, the objects of interest being 1dentified
from normal cells and background areas of the biological
specimen, the method comprising;

obtaining an 1image of the biological specimen, the image

of the biological specimen comprising pixels, each of
the pixels being defined by a first component, a second
component, and a third component;

storing pixel values representing the first, second and

third components 1n a memory;

forming a complement of the first component, the second

component, and the third component for each of the
pixels;

executing instructions with a computing device that oper-

ate on said stored pixel values so as to transform the
image ol the biological specimen to produce a trans-
formed 1mage, the 1mage of the biological specimen
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being transformed by calculating for each of the pixels
a transform value, the transform value being defined by
a square root of (p,*+p, +P3)X(P; . +Pa. P30 )—(P1 X
P15+P2szc+p3xp3c)2: wheremn p,, p,, and p,, are a
complement of the the first component, the second
component, and the third component, respectively, of a
pixel to be transformed and p,_, p,., and p,_. are the
complement of the first component, second component,
and third component, respectively, of a representative
counterstained pixel,

whereby the transformed 1mage assists in 1dentifying the

objects of interest, if any, 1n the biological specimen.

11. The method of claim 10, further comprising morpho-
logically processing the transformed 1mage to refine 1denti-
fication of the objects of interest, 1 any, 1n the biological
specimen.

12. The method of claim 10, wherein the complement of
the first component, the second component, and the third
component for each of the pixels are calculated by subtract-
ing a maximum component level from the first component,
the second component, and the third component.

13. The method of claim 12, wherein the maximum
component level 1s 255.

14. The method of claim 10, wherein the first, the second,
and the third components of the pixel to be transformed are
red, green, and blue components, respectively.

15. A method for identifying objects of interest i a
biological specimen, the objects of interest being 1dentified
from normal cells and background areas of the biological
specimen, the method comprising;

obtaining an 1image of the biological specimen, the 1mage

of the biological specimen comprising pixels;

storing pixel values representing said image 1n a memory;

executing 1structions with a computing device that oper-

ate on said stored pixel values so as to transform the
image of the biological specimen to produce a trans-
formed 1mage, the transformed 1mage characterizing a
number of absorbing molecules sampled by each of the
pixels,

whereby the transformed 1mage assists 1n 1dentifying the

objects of interest, 1f any in the biological specimen;
wherein the image of the biological specimen comprises
pixels, each of the pixels being defined by a first
component, a second component, and a third compo-
nent and wherein the set of instructions transforming
the 1mage of the biological specimen to produce the
transformed 1mage comprises instructions:

calculating at least one transform value for each of the

pixels, the at least one transform value being a loga-
rithm of a quotient of a first value and a second value,
the first value being a square of the first component of
a pixel to be transformed and the second value being a
product of the second component and the third com-
ponent of the pixel to be transformed.

16. The method of claim 15, wherein the first, the second,
and the third components are red, green, and blue compo-
nents, respectively of the pixel to be transformed.

17. The method of claim 15, wherein the transform value
1s defined by an expression selected from the group con-
sisting of log (r*/(gxb)), log (g°/(rxb)), and log (b*/(rxg)),
wherein r, g, b are the red, the green, and the blue compo-
nents, respectively, of the pixel to be transformed.

18. A system for i1dentifying objects of interest in a
biological specimen, the objects of interest being 1dentified
from normal cells and background areas of the biological
specimen, the system comprising:

a Processor;
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memory;
computer mnstructions stored 1n the memory and execut-

able by the processor for performing the functions of:

obtaining an 1mage of the biological specimen, the
image of the biological specimen comprising pixels,
cach of the pixels being defined by a first component,
a second component, and a third component;

forming a complement of the first component, the
second component, and the third component for each
of the pixels;

transforming the 1image of the biological specimen to
produce a transformed image, the image of the
biological specimen being transformed by calculat-
ing, for each of the pixels, a sum of a a plurality of
products, the plurality of products being between (a)
a first coetlicient and the complement of the first
component for a pixel to be transformed; (b) a
second coellicient and the complement of the second
component for the pixel to be transformed; and (c) a
third coeflicient and the complement of the third
component for the pixel to be transformed,

whereby the transformed 1mage assists in 1dentifying the

objects of interest, if any, 1n the biological specimen.

19. The system of claim 18, wherein the biological
specimen 1s stained with a given staining combination that
uniquely defines the first coellicient, the second coetflicient,
and the third coeflicient.

20. The system of claim 19, wherein the given staining
combination 1s AEC and Hematoxylin.

21. The system of claim 20, wherein the first coeflicient
1s between —0.8 and -0.7 , the second coeflicient 1s between
0.5 and 0.65, and the third coetlicient 1s between 0.3 and 0.4.

22. The system of claim 18, wherein the first, the second,
and the third components of the pixel to be transformed are
red, green, and blue components, respectively.

23. The system of claim 18, further comprising computer
instructions executable by the processor for performing the
function of morphologically processing the transformed
image to refine 1identification of the objects of interest, if any,
in the biological specimen.

24. A system for identifying objects of interest in a
biological specimen, the objects of interest being 1dentified
from normal cells and background areas of the biological
specimen, the system comprising;:

a Processor;

memory;

computer mstructions stored in memory and executable

by the processor for performing the functions of:

obtaining an 1mage of the biological specimen, the
image of the biological specimen comprising pixels,
cach of the pixels being defined by a first component,
a second component, and a third component;

forming a complement of the first component, the
second component, and the third component for each
of the pixels;

transtorming the 1mage of the biological specimen to
produce a transformed image, the i1mage of the
biological specimen being transformed by calculat-
ing for each of the pixels a transform value, the
transform value being defined by a square root of
(P +P2"+P57)  X(P1 4Pz 3 )~ (Pisp1otPoXPoct
PiXPs.) , Wherein p,, p,., and p;, are a complement of
the first component, the second component, and the
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third component, respectively, of a pixel to be trans-
formed and P, , p,_, and p,_. are the complement of
the first component, second component, and third
component, respectively, of a representative coun-
terstained pixel,

whereby the transformed image identifies the objects of

interest, if any, in the biological specimen.

25. The system of claim 24, wherein the first, the second,
and the third components of the pixel to be transformed are
red, green, and blue components, respectively.

26. The system of claim 24, further comprising computer
istructions executable by the processor for performing the
function of morphologically processing the transformed
image to refine 1dentification of the objects of interest, 1f any,
in the biological specimen.

27. A system for i1dentifying objects of interest i a
biological specimen, the objects of interest being 1dentified
from normal cells and background areas of the biological
specimen, the system comprising:

a Processor;

memory;

computer instructions stored 1n memory and executable

by the processor for performing the functions of:

obtaining an i1mage of the biological specimen, the
image of the biological specimen comprising pixels;

transforming the 1mage of the biological specimen to
produce a transformed 1mage, the transformed 1image
characterizing a number of absorbing molecules
sampled by each of the pixels;

whereby the transformed 1mage may assist in 1dentifying

the objects of interest, 11 any, 1n the biological speci-
men;

wherein the 1image of the biological specimen comprises

pixels, each of the pixels being defined by a first
component, a second component, and a third compo-
nent and wherein the computer instructions for per-
forming the function of transforming the image of the
biological specimen to produce the transformed 1mage
further comprises computer instructions executable by
the processor for performing the functions of:
calculating at least one transform value for each of the
pixels, the at least one transform value being a
logarithm of a quotient of a first value and a second
value, the first value being a square of the first
component of a pixel to be transformed and the
second value being a product of the second compo-
nent and the third component of the pixel to be
transformed.

28. The system of claim 27, wherein the first, the second,
and the third components are red, green, and blue compo-
nents, respectively of the pixel to be transformed.

29. The system of claim 27, wherein the at least transform
value 1s defined by an expression selected from the group
consisting of log (r*/(gxb)), log (g*/(rxb), and log (b*/(rxg),
wherein r, g, b are the red, the green, and the blue compo-
nents, respectively, of the pixel to be transformed.

30. The system of claim 27, further comprising computer
instructions executable by the processor for performing the
function of morphologically processing the transformed
image to refine 1dentification of the objects of interest, if any,
in the biological specimen.
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